xtracellular adenosine, released from the cell or converted from released adenine nucleotides, acts as a signaling molecule via cell surface adenosine receptors in various biological processes. Adenosine modulates inflammation responses in a wide array of tissues through its potent and selective regulation of the production of proinflammatory or antiinflammatory cytokines. For instance, adenosine stimulates the release of proinflammatory IL-6 and IL-8 (1, 2) and antiinflammatory IL-10 (3) and suppresses the production of proinflammatory IL-12 (3, 4) .
In healthy airway epithelia, extracellular adenosine primarily comes from ATP release and metabolism (5, 6) . Adenosine signaling regulates distinct Cl Ϫ channels, mucin secretion, and ciliary mobility (7) (8) (9) (10) (11) and is believed to play a key role in mucociliary clearance (8, 9) . Despite the rather rich information about its involvement in other physiological processes, little is known about the role of adenosine in the inflammatory responses of airway epithelial cells. Adenosine elevation in the lung, including bronchoalveolar lavage (BAL), 4 accompanies several types of pulmonary inflammation and fibrosis (12) (13) (14) and is merely considered as a consequence or byproduct of tissue inflammation and injury.
Most recently, pulmonary inflammation and fibrosis have been found in adenosine deaminase-deficient mice that have a chronic elevation of extracellular adenosine (15, 16) , suggesting that extracellular adenosine, in addition to being an inflammation byproduct, promotes pulmonary inflammation and tissue damage. Yet, the underlying molecular mechanism has not been well understood and little attention has been paid to the role of the airway epithelia in adenosine-triggered inflammation (15) (16) (17) (18) .
Increased neutrophil infiltration in the airway lumen is not only associated with acute lung inflammation, it is also the hallmark of many types of chronic inflammation including chronic obstructive pulmonary disease (COPD) and cystic fibrosis (19 -21) . Because neutrophil degranulation releases a variety of inflammatory mediators, proteases, and oxygen radicals, the excessive and prolonged activation of neutrophils has been suggested to contribute to tissue damage and fibrosis in the airway. Extracellular adenosine has been implicated in neutrophil infiltration and activation in a number of tissues and organs, as it induces the release of IL-6, a potent mediator for neutrophil recruitment (22) (23) (24) and activation (2, 25, 26) . Furthermore, adenosine-induced IL-6 from these tissues and organs has been observed in epithelial cells (2, 27) , which have been increasingly appreciated as active participants in immune responses (28, 29) . For example, in inflamed intestines, neutrophils in the lumen release 5Ј-AMP and the ectonucleotidase on the apical surface of the intestinal epithelial cells then converts the 5Ј-AMP into adenosine (2) . Subsequently, adenosine induces apical IL-6 release from the intestinal epithelial cells and IL-6 in turn activates neutrophil degranulation in the lumen. This local interplay between adenosine from neutrophils and IL-6 from intestinal epithelial cells forms a positive feedback loop and could enhance microbicidal activity of the neutrophils or, if excessive, cause tissue damage (2) . Conceivably, adenosine released from damaged tissues could further augment the interplay of adenosine and IL-6.
Little is known regarding whether or not adenosine induces IL-6 release from the airway epithelia. In this study, we examined whether and how adenosine induces the release of IL-6 from the airway epithelia in vitro and in vivo to understand the role that adenosine plays in airway inflammation and fibrosis.
Materials and Methods

Reagents
All tissue-culture supplies were obtained from Invitrogen Life Technologies. PD98059, U0126, bisindolylmaleimide (BIM) I, BIM II, PMA, and U73122 were purchased from Calbiochem; anti-ERK, anti-phospho-ERK, anti-CREB, and anti-phospho-CREB Abs were purchased from Cell Signaling; the reagents for SDS-PAGE and the polyvinylidene difluoride membranes came from Bio-Rad; and the oligonucleotides were from Proligo. All other reagents were acquired from Sigma-Aldrich.
Cell culture
Human Calu-3 cells (American Type Culture Collection HTB-55) were grown in Eagle's MEM supplemented with 10% FBS, 1.0 mM sodium pyruvate, and 100 U/ml penicillin/streptomycin in an atmosphere of 95% air and 5% CO 2 at 37°C. Cells were passaged by 1/3 dilution every 5-7 days. To measure the bilateral IL-6 release, cells were grown on clear Transwell plates (Costar) to confluence with a resistance of 900 -1,200 ohm ⅐ cm 2 . Cells were first grown submerged in medium for 3-4 days and then switched to an air-interface culture. For all other experiments the cells were grown on plastic cell culture plates. All reagents and media used in the cell cultures were free of endotoxin (Ͻ0.06 endotoxin units/ml) as measured by the Limulus endotoxin detection assay kit (E-TOXATE kit) from Sigma-Aldrich.
RT-PCR
Total RNA was isolated from Calu-3 cells with TRIzol reagents (Invitrogen Life Technologies) according to the manufacturer's instructions. RT-PCR was performed with OneStep RT-PCR kits (Qiagen). The primer pairs used were as follows: for IL-6, 5Ј-TGTAGCCGCCCCACACAGACAGCC-3Ј (sense)/ 5Ј-GGCAAGTCTCCTCATTGAATCCAGATTG-3Ј (antisense); for A2A adenosine receptors, 5Ј-GCCATCGCCATTGACCGCTAC-3Ј (sense)/5Ј-GCAGTCGGGGCAGAAGAAAGT-3Ј (antisense); and for A2B adenosine receptors, 5Ј-CTCTTCCTCGCCTGCTTCGT-3Ј (sense) and 5Ј-GGGCA GAACACACCCAAAGAA-3Ј (antisense). ␤-Actin or GAPDH was used as a loading control. The identities of the PCR products were confirmed by DNA sequencing.
Cytokine release experiments in Calu-3 cells
The confluent Calu-3 monolayer grown on plastic 12-well plates (surface area, 4 cm 2 ) or Transwell plates (surface area, 1.12 cm 2 ) was prewashed in HBSS and equilibrated in 500 l of FBS-free MEM in the apical compartment (and the basolateral compartment for the bilateral assays) at 37°C for 30 min. Cells were exposed to various challenges. The apical (and basolateral) medium was then collected and centrifuged for 10 min at 1,000 ϫ g to remove debris for the cytokine assays.
Western blot analysis
Calu-3 cells were washed with PBS containing 1 mM Na 3 VO 4 , followed by the addition of lysis buffer containing 10 mM HEPES, 0.5% Triton X-100, 5 mM EDTA, 5 mM EGTA, 1 mM Na 3 VO 4 , and 5 mM PMSF (pH 7.5). Following 5 min of incubation on ice, the cells were scraped off the plate and transferred to microcentrifuge tubes. Cell debris was removed from the whole cell lysates by 10 min of centrifugation at 12,000 ϫ g at 4°C and the total cell lysates were subjected to SDS-PAGE. Subsequently, proteins were electrotransferred to polyvinylidene difluoride membranes and probed with 1/1,000 diluted primary Abs. The membranes were washed three times with TBST (0.1% Tween 20, 20 mM Tris-Cl, and 500 mM NaCl (pH 7.4)) and incubated for 1 h with a 1/10,000 diluted HRPconjugated secondary Ab. After several washes with TBST, bound Abs were detected by ECL kits (Pierce).
RNA interference
RNA oligonucleotides were synthesized by Dharmacon. The small interfering RNA (siRNA) sequences targeting A2A and A2B adenosine receptors were 5Ј-ACAACUGCGGUCAGCCAAA-3Ј and 5Ј-AACCGAGAC UUCCGCUACA-3Ј, respectively. The nontargeting siRNA of Dharmacon (catalog no. D-001210-01-05) was used as a negative control. Cells grown in DMEM on 12-well plates with 70 -80% confluency were incubated for 6 h with 100 nM siRNA and Lipofectamine 2000 (Invitrogen Life Technologies) in FBS-free DMEM. The cells were then incubated in MEM. After 24 h, the mRNA levels of A2A and A2B receptors were analyzed by RT-PCR. IL-6 was assayed after 48 h.
Bronchoaveolar lavage
All experimental procedures and protocols were approved by the University Committee on Research Practices at Hong Kong University of Science and Technology (Hong Kong, People's Republic of China). The procedures were largely the same as those published by Nonas et al. (30) with modifications. Adult male Sprague-Dawley rats weighing 250 -350 g were randomly assigned to control and treatment groups. After being anesthetized with an i.p. injection of ketamine (3 ml/kg) and xylazine (1.5 ml/kg), the rats were intratracheally intubated with a microsprayer (model IA-1B; Penn-Century) and given an aerosolized spray of either 150 l of sterile water alone or various test compounds dissolved in water. After 18 h, the rats were killed by exsanguination under anesthesia. Following tracheotomies on the sacrificed rats, their tracheae were cannulated with a polyethylene tube. Their lungs were lavaged with 3 ml of sterile PBS by slow instilling and withdrawing the instillation. The collected BAL fluid (BALF) was centrifuged for 5 min at 1,100 ϫ g, and the supernatant was stored at Ϫ80°C until analysis.
Cytokine assays
Human and rat IL-6 were measured using ELISA kits from Diaclone Research and R&D Systems, respectively. The other human and rat cytokines were analyzed using a Bio-Plex human cytokine four-plex panel for IL-1␤, IL-4,IL-8, and IL-10 and a rat cytokine three-plex panel for IL-1␤, IL-4, and IL-10 (Bio-Rad Laboratories) with a Bio-Plex suspension array system at the Genome Research Center at Hong Kong University as a paid service.
Statistics
All data are expressed as means Ϯ SE. Unless indicated otherwise, ANOVA with Tukey's post hoc test was used for statistical analysis. p Ͻ 0.05 was considered as statistically significant.
Results
Apical adenosine induced polarized IL-6 release from Calu-3 human airway epithelial cells
The Calu-3 cell line is a well-accepted cellular model of serous cells in submucosal glands in the airway. Serous cells are thought to play a critical role in the innate immunity of the lung because of their secretion of liquid and antibacterial, antiprotease, antioxidant, and anti-inflammatory proteins (31) (32) (33) (34) . Hence, Calu-3 cells offer a good model system for studying cytokine release in human airway epithelial cells. A series of concentrations of adenosine was added on the apical side or basolateral side, and IL-6 release in both apical and basolateral compartments was then analyzed after 6 h. In the control groups with no adenosine addition, a relatively high basal IL-6 release was observed in the apical but not in the basolateral compartment (Fig. 1A) . Apical application of adenosine induced a highly polarized IL-6 release to the apical compartment. One hundred M adenosine induced a submaximal response with ϳ92% increase. In marked contrast, basolateral application of adenosine, even up to 500 M, failed to evoke any significant IL-6 release (Fig. 1A) .
A very recent study suggests that nucleotides, mainly in the form of ATP, promote IL-6 release from small airway epithelial cells via P2Y 2 receptors (35). Adenosine, however, was found to have a much smaller effect on IL-6 release (35). We therefore assessed the relative contribution of P2 receptors to IL-6 release in Calu-3 cells. Apical application of 100 M ATP␥S induced an apically polarized IL-6 release with a 32% increase (Fig. 1B) , which was considerably smaller compared with the adenosine-induced IL-6 release. These observations indicate that adenosine receptors play a more important role than do P2 receptors in IL-6 release in Calu-3 cells.
In normal airway epithelia, adenosine seems to be preferentially released in the apical compartment (36) . In inflamed airways, neutrophils in the lumen could be an additional source of extracellular adenosine (2) . Thus, the function of apical adenosine is more physiologically and pathologically relevant than is that of basolateral adenosine. Furthermore, the data in Fig. 1 show that apical adenosine was much more potent than was basolateral adenosine. Therefore, our subsequent studies focused on apical adenosine.
The effect of apical adenosine on IL-6 release was further investigated over a time course of 9 h. One hundred M adenosine was used in these experiments, as it elicited a submaximal response (Fig. 1A) . The IL-6 release reached a maximal level in 6 -8 h (inset in Fig. 2A ), similarly as in previous studies of other cell types (2, 37, 38) . The level of IL-6 production, normalized to the cell surface area (maximal ϳ70 pg IL-6/cm 2 ), is double that induced by adenosine in intestinal epithelial cells (2) and is comparable to that induced by TNF-␣ or Pseudomonas aeruginosa in Calu-3 cells (39) . These results demonstrate that adenosine is a potent inducer of IL-6 release in Calu-3 cells. Because the basolateral IL-6 release was insignificant (inset in Fig. 2A ), we subsequently examined only the apical IL-6 release; IL-6 release hereafter means apical IL-6 release unless indicated otherwise. vehicle for the adenosine stock solution) was added apically to polarized Calu-3 cells grown on permeable Transwell membranes. The amount of IL-6 at different time points in the apical (Api) and basolateral (Bas) compartments was analyzed. The difference between the adenosine-and water-treated groups was taken as the net cytokine release induced by adenosine ("Ado-induced Release" in the inset). ‫,ء‬ p Ͻ 0.05, different from the control (H 2 O), Student's unpaired t test; ‫,ءء‬ p Ͻ 0.01. B, Four U/ml adenosine deaminase (ADA), adenosine (100 M), or ADA-resistant NECA (10 M) or vehicle were added to confluent Calu-3 grown on plastic culture plates. IL-6 released after 6 h was measured. Adenosine and NECA were used as positive and negative controls, respectively. HCl (0.1 N) was used as the vehicle for the NECA stock solution and was not significantly different from water on the basal release. ‫,ء‬ p Ͻ 0.05, different from the vehicle. C, Adenosineinduced up-regulation of IL-6 mRNA expression. Calu-3 cells were incubated with 100 M adenosine and mRNA expression of IL-6 at various time points was determined by RT-PCR. ␤-Actin was used as a control for cDNA input. DNA sequencing confirmed the identities of the PCR products. All data in Fig. 2 , A-C, were obtained with three or five independent experiments, with each performed in duplicate for A and B. As shown in Fig. 2A , the basal IL-6 release was rather high, which may be a result from endogenous adenosine produced by ATP release and metabolism. Adenosine deaminase treatment that removes adenosine had virtually no effect on the basal release of IL-6 (Fig. 2B) while it eliminated the effect of adenosine. In addition, the inclusion of 200 M adenosine 5Ј-[␣,␤-methylene]diphosphate (AMPCP), an ectonucleotidase inhibitor that blocks the conversion of ATP to adenosine, failed to alter the basal IL-6 release (not shown). These data suggest that the high basal IL-6 release is independent of the endogenous basal adenosine level under our experimental conditions. In addition, the high basal release did not seem to result from endotoxin contamination, because no endotoxin (Ͻ0.06 endotoxin units/ml) was found in the vehicle control groups in Fig. 2B .
Next, the effect of 8-( p-sulfophenyl)theophylline (8-SPT), a nonselective blocker of adenosine receptors, was assessed. The adenosine-induced IL-6 release was substantially reduced by 66.5 Ϯ 8.1% in the presence of 200 M 8-SPT (n ϭ 5), confirming that the effect of adenosine is mediated by adenosine receptors rather than the product of adenosine metabolism. This is reinforced by the observation that 5Ј-N-ethylcarboxamidoadenosine (NECA), a metabolically stable analog of adenosine, also induced IL-6 release (Fig. 2B) .
In addition, adenosine increased IL-6 mRNA synthesis in Calu-3 cells (Fig. 2C) , further supporting the notion that adenosine induces IL-6 release and also indicating that adenosine-induced secretion of IL-6 involves de novo synthesis.
Adenosine-induced IL-6 release was protein kinase A (PKA)-and protein kinase C (PKC)-dependent
Both PKA and PKC signaling pathways couple with adenosine receptors and mediate adenosine-induced IL-6 production in a celltype-specific fashion in other cell types (2, 27, 40) . Next, the role of PKA and PKC in adenosine-induced IL-6 release was examined in Calu-3 cells. PKA seems to mediate the IL-6 release, because H89, a specific PKA inhibitor, blocked the IL-6 release (Fig. 3) . In addition, BIM I and BIM II, two specific PKC inhibitors, suppressed the IL-6 release (Fig. 3) , implicating the involvement of the PKC signaling pathway. Because PKC activation by adenosine receptors is often a downstream event of phospholipase C (PLC) activation, the effect of disrupting the PLC function was tested. U73122, a PLC-specific inhibitor, decreased IL-6 release (Fig. 3) , reinforcing the idea that the PLC/PKC signaling pathway is required for IL-6 release.
Adenosine induced PKA-and PKC-dependent CREB phosphorylation
The promoter of the IL-6 gene contains a cAMP response element (CRE) (2) that is stimulated by the CRE binding protein (CREB). CREB is activated upon phosphorylation by various kinases such as PKA, PKC, MAPK (ERK and P38), and Ca 2ϩ /calmodulin-dependent kinase (41) . Because adenosine up-regulated IL-6 transcripts (Fig. 2C) , we reasoned that adenosine elicits CREB phosphorylation in Calu-3 cells. Apical application of adenosine led to a robust, 8-SPT-sensitive CREB phosphorylation that peaked in 15ϳ30 min after adenosine addition (Fig. 4A) . Because PKA and PKC are required for adenosine-induced IL-6 release (Fig. 3) , their roles in adenosine-induced CREB phosphorylation were evaluated. Forskolin, an adenylyl cyclase agonist, markedly elevated CREB phosphorylation (Fig. 4B) , consistent with the general involvement of PKA in CREB phosphorylation. More importantly, adenosine-induced CREB phosphorylation was blocked by the PKA blocker H89 (Fig. 4B ), pointing to a specific role of PKA signaling in adenosine-induced CREB phosphorylation. PMA, a PKC activator, also robustly increased CREB phosphorylation (Fig. 4C) . In addition, adenosine-induced CREB phosphorylation was suppressed by the PKC inhibitor BIM I, and this effect was not due to the nonspecific action of BIM I on PKA because BIM I had no effect on forskolin-stimulated CREB phosphorylation (Fig. 4C) . Moreover, adenosine-induced CREB phosphorylation was suppressed by BIM II and U73122 (Fig. 4D) . Evidently, the PLC/PKC signaling pathway is also required for adenosine-induced CREB phosphorylation.
ERK links PKC with adenosine-induced IL-6 release by phosphorylating CREB
ERK acts as the downstream target of PKC in adenosine-induced cytokine release in some cell types (37) , but the coupling of adenosine receptors and ERK in airway epithelial cells is poorly understood. U0126 and PD98059 are two structurally unrelated, highly selective inhibitors of ERK kinase (MEK) 1/2 and MEK 1, respectively. Because ERK activation is dependent on MEK activity, U0126 and PD98059 are widely used to block MEK and subsequent ERK activation. Adenosine-induced IL-6 release was substantially reduced by PD98059 and U0126 (Fig. 5A ), implying that ERK plays an important role. To test more rigorously the coupling of adenosine receptors and ERK activation, we determined whether adenosine induces tyrosine phosphorylation of ERK because the phosphorylation of Tyr 185 residue at the TEY motif is one of readouts of ERK1/ERK2 activation. Apical addition of adenosine significantly enhanced ERK phosphorylation without any alteration of total ERK (Fig. 5B) . Both U0126 and PD98059 blocked adenosine-induced ERK phosphorylation (Fig.  5B) , verifying that extracellular adenosine activates ERK in Calu-3 cells.
As shown in Fig. 5C , adenosine-induced ERK phosphorylation was suppressed by the PKC inhibitor, BIM I, and the PLC inhibitor, U73122. Stimulation of PKC by PMA also phosphorylated ERK (not shown). On the contrary, H89, the PKA blocker, seemed to have no or little effect on adenosine-induced ERK phosphorylation despite its stimulatory effect on basal ERK phosphorylation (Fig. 5D) . Thus, ERK is a specific downstream target of PKC in adenosine-induced signaling.
Next, we examined whether ERK signaling is involved in CREB phosphorylation. As shown in Fig. 6 , both ERK inhibitors suppressed adenosine-induced CREB phosphorylation. These data suggest that ERK, as a downstream target of PKC (Fig. 5C) , bridges PKC signaling and CREB phosphorylation in adenosineinduced IL-6 release (Fig. 4) .
Adenosine receptor subtypes in IL-6 release
We further sought to identify the adenosine receptor subtype(s) in the IL-6 release. Early studies suggested the presence of A2B and A2A but not A1 and A3 adenosine receptors in Calu-3 cells (11, 42) . ZM241385, an A2A receptor-selective blocker, attenuated adenosine-induced IL-6 release (Fig. 7A) . Consistent with this observation, ZM241385 virtually eliminated adenosine-induced CREB phosphorylation (Fig. 7B) . Enprofylline and 1,3-dipropyl-8-cyclopentylxanthine (DPCPX), selective blockers for the A2B and A1 receptors, respectively, had no effect on either adenosineinduced IL-6 release (Fig. 7A ) or CREB phosphorylation (Fig. 7B) . In addition, knocking down A2A but not A2B receptors by RNA interference techniques resulted in a significant reduction in adenosine-induced IL-6 release (Fig. 7C ). These results demonstrate that A2A adenosine receptors specifically mediate IL-6 release in Calu-3 cells.
Adenosine also induced proinflammatory IL-8 release in Calu-3 cells
Additional cytokines, including proinflammatory IL-1␤ and IL-8 and anti-inflammatory IL-4 and IL-10, were examined in parallel in the samples collected in the apical compartment with 100 M apical adenosine or ATP␥S treatment as described in Fig. 1 . Although both adenosine and ATP␥S failed to cause any change in IL-1␤, IL-4 and IL-10, adenosine, but not ATP␥S, triggered a significant elevation in IL-8 release (Table I) . These results imply that adenosine-induced IL-6, together with proinflammatory IL-8, likely prompts inflammation, although IL-6 alone could be either proinflammatory or anti-inflammatory.
Adenosine-induced IL-6 release in rat BALF
A rat model was used to test whether or not adenosine induces IL-6 release in airway epithelia in vivo. Treatment with 5 nmol of adenosine induced some increase in IL-6 in BALF in rats; 50 nmol of adenosine further increased the IL-6 release by ϳ6-fold (Fig. 8) . Similar results were observed with NECA, a nonhydrolyzable analog of adenosine. The effect of ATP␥S was tested for comparison. Five nmol of ATP␥S resulted in a 7-fold increase in IL-6 release (Fig. 8) , similar to the previously reported observation (35) . However, 50 nmol of ATP␥S seemed to have some inhibitory effects on IL-6 release (Fig. 8) .
Several other cytokines were also examined in the BALF of three experimental groups selected from Fig. 8 because of their relatively high IL-6 release, i.e., the groups treated with 50 nmol of adenosine, 50 nmol of NECA, and 5 nmol of ATP␥S. Adenosine, NECA, or ATP␥S failed to induce any changes in IL-4 and IL-10, the two anti-inflammatory cytokines, while they all evoked a robust 3-to 4-fold increase in proinflammatory IL-1␤ (Table II) .
Adenosine and ATP mediated LPS-induced IL-6 release in rat BALF
Adenosine elevation in the lung, including BAL, has been observed in several types of pulmonary inflammation and fibrosis (12) (13) (14) and has been merely considered as a consequence or byproduct of tissue inflammation and injury. We hypothesize that adenosine released during the inflammation process induces IL-6 release from airway epithelia. To test this hypothesis, LPS was used to induce lung inflammation in rats. LPS treatment elicited a robust increase in IL-6 release as expected (Fig. 9) . Strikingly, adenosine seemed to contribute considerably to LPS-induced IL-6 release, because treatment with 150 nmol of 8-SPT reduced the LPS-induced IL-6 release by 42%. Thirty or 150 nmol suramin, a P2 receptor antagonist, also greatly attenuated the LPS-induced IL-6 release, indicating a role of ATP in IL-6 release during inflammation as well. A combination of 150 nmol of 8-SPT and 30 nmol of suramin did not lead to a significant additive effect (Fig. 9) , implying that adenosine and P2 receptors may largely share common downstream signaling pathways in inducing IL-6 release. 
Discussion
Biological implications of adenosine-induced IL-6 release
A recent study suggests that nucleotides, mainly in the form of ATP, promote IL-6 release from small airway epithelial cells via P2Y 2 receptors. Adenosine was also found to have a small effect on IL-6 release (35). However, adenosine-promoted IL-6 release from the airway epithelia remains largely unexplored. Using Calu-3 human airway epithelial cells as an in vitro model, we demonstrated that extracellular adenosine induced a robust, apically polarized release of IL-6. In addition, adenosine also induced the release of IL-8 into the apical compartment (Table I) but not into the basolateral compartment (not shown). The preferential apical secretion of IL-6/IL-8 from airway epithelial cells, to the best of our knowledge, has not been reported before. IL-8 is a key chemokine of neutrophil infiltration, and IL-6 is able to induce neutrophil infiltration as well (22) (23) (24) . Thus, apically polarized release of IL-6 and IL-8 presumably provides chemical gradients for neutrophils and other leukocytes to move from the subepithelium to the mucosal surface and remain there.
In an in vivo model, adenosine or NECA also induces a several fold increase in IL-6 release in rat BALF (Fig. 8) , further strengthening the notion that adenosine induces IL-6 release in airway epithelia. The single application of exogenous adenosine or even NECA tested in this study, however, may not be a good representation of endogenous adenosine levels in inflammation, in which the continuous release of adenosine from airway epithelial cells and infiltrated leukocytes offsets the reduction of adenosine as a result of constant breakdown, cellular transport, and mucociliary clearance. To assess the contribution of adenosine to IL-6 production in inflammation properly, LPS was used to induce inflammation. Remarkably, blocking adenosine receptors led to a significant reduction in LPS-induced IL-6 release (Fig. 9) . These results suggest that adenosine plays a pivotal role in IL-6 production in airway inflammation.
In partially ADA-deficient mice, several leukocytes, including neutrophils, were markedly increased in airway lumen, although the underlying molecular mechanism was not examined (17) . Our findings provide a possible molecular link between adenosine elevation and neutrophil infiltration in airway lumen. Furthermore, because IL-6 and IL-8 could synergistically recruit and activate neutrophils in airway lumen, the release of adenosine (converted from 5Ј-AMP instead of ATP) from neutrophils (2, 43) and stressed/damaged tissues and the release of IL-6/8 from epithelial cells form a positive feedback loop. This positive feedback loop may exaggerate the inflammation and potentially contribute to tissue injury/fibrosis of the lungs in asthma, cystic fibrosis, and other types of airway inflammation disorders. Consistent with this notion, neutrophil infiltration is accompanied by the elevation of IL-6, IL-8, and adenosine in asthma and cystic fibrosis (20, 21) . Further studies in animal models and clinical investigations are needed to establish the causal relation between adenosine elevation and the recruitment and activation of neutrophils in airway lumen.
In addition to inducing IL-6 release from airway epithelia, the presence of adenosine in airway lumen has other proinflammatory and tissue-destructive effects. In this study, adenosine was found to promote the release of IL-8 from human Calu-3 cells and IL-1␤ from rat lungs (Tables I and II) . Moreover, adenosine was found to induce the synthesis of TNF-␣ and matrix metalloproteinase and directly promote neutrophil chemotaxis (12, 44) . In contrast, IL-6 has target cells other than neutrophils. IL-6 can directly activate fibroblasts and thus is involved in the downstream events in fibrosis progression as well (45) . IL-6 has been implicated not only in acute inflammation but also in chronic inflammation and is thought to play an essential role in the transition from acute to chronic inflammation (46) . All these actions of adenosine and IL-6 could synergistically contribute to inflammation and tissue damage and further augment the positive feedback loop between adenosine and IL-6.
The link between adenosine and IL-6/IL-8 release in airway epithelia may also account for mechanical ventilator-induced lung injury (VILI). Overventilation may mechanically stimulate excessive ATP/adenosine release (47) (48) (49) , which would increase IL-6/ IL-8 release and lead to inflammation and tissue injury (35) . Indeed, ventilation or stretch up-regulates IL-6/IL-8 and other proinflammatory cytokines in several types of lung cells, including epithelial cells (26, 49) . Thus, adenosine receptor blockers might potentially be developed as treatment for ventilator-induced lung injury.
Adenosine vs ATP
Douillet and colleagues found that ATP is more potent than adenosine in promoting IL-6 release in cultured human small airway epithelial cells (35) . In contrast, we found that adenosine is more potent than ATP in inducing IL-6 release in cultured Calu-3 human airway epithelial cells (Fig. 1) . This is not too surprising considering that two different cell lines were used.
Although Douillet et al. did not directly test the effect of adenosine in the rat animal model they used, they found that apyrase, which catalyzes the hydrolysis of ATP to yield AMP and inorganic phosphate, attenuated ϳ85% of the IL-6 release induced by mechanical ventilation (35) . Their data imply that adenosine does not play a major role in mechanical ventilation-induced IL-6 release, because AMP is converted to adenosine by ectonucleotidases as well (2) . On the contrary, we found that adenosine was almost equally as potent as ATP in promoting IL-6 release when adenosine and ATP were applied exogenously (Fig. 8) . Furthermore, adenosine seemed to contribute to LPS-induced IL-6 release as effectively as ATP does (Fig. 9) . One major difference is that Douillet et al. measured IL-6 release after 1 h of mechanical ventilation while we challenged rats with different stimuli for 18 h. Our in vitro study suggests that adenosine did not take effect for 3 h (Fig. 2) . If the action of adenosine has a similar latency in vivo, its effect could not have been observed in the study of Douillet et al. Nevertheless, the exact reasons for the discrepancy in these two studies remain to be determined.
Signaling pathways in adenosine-induced IL-6 release
Adenosine induces IL-6 release in a variety of cells and tissues with complex signaling mechanisms. PKA and PKC signaling have been previously implicated in adenosine-induced IL-6 secretion, although the involvement of these signaling pathways appears to be cell type specific (1, 2, 27, 40) . Therefore, we examined the role of the two signaling pathways in adenosine-induced IL-6 release in Calu-3 cells. We found that both PKA and PKC mediate IL-6 release. Because the promoter of the IL-6 gene is regulated by CREB, we subsequently assessed the role of PKA and PKC in adenosine-induced CREB phosphorylation. Our results revealed that both PKA and PKC signaling control adenosine-induced CREB phosphorylation. Moreover, we found that ERK is also involved in adenosine-induced IL-6 release. Because ERK acts as a downstream target of PKC in adenosine signaling and phosphorylates CREB (Figs. 4 and 5) , we propose that ERK bridges PKC signaling and CREB phosphorylation in adenosine-induced IL-6 release.
Although the PKA blocker H89 failed to block adenosine-induced ERK phosphorylation, it robustly stimulated basal ERK phosphorylation (Fig. 5D) . These data suggest that basal PKA activity tonically suppresses ERK phosphorylation, probably through inhibiting Raf-1 kinase and thus the Raf-1/MEK/ERK signaling cascade (50, 51) . It is not clear why adenosine-induced ERK phosphorylation was not enhanced in the presence of H89, which presumably blocked the inhibitory effect of adenosine receptor-coupled PKA on ERK phosphorylation. One explanation is that the PKA pool coupled with adenosine receptors does not target Raf-1. Alternatively, basal ERK phosphorylation in the presence of H89 (Fig. 5D ) was too high for further increase.
A2A and A2B adenosine-receptor subtypes have been found in Calu-3 cells (11, 42) . Previous studies suggest that both apical and basolateral A2B receptors are coupled with cystic fibrosis transmembrane conductance regulator (CFTR) activation and transepithelial anion secretion (8, 11, 42) . However, the role of apical A2A adenosine receptors has not been described, although the basolateral A2A receptors appear to mediate transepithelial anion secretion (11) . Using adenosine receptor subtype-specific blockers and siRNA, we found that apical adenosine induced IL-6 release specifically via A2A but not A2B receptors. Both A2A and A2B receptors are positively coupled with AC/PKA signaling, but A2A not A2B receptors are more often associated with PLC/PKC signaling (40, 52, 53) . Indeed, adenosine-induced IL-6 release requires both the adenylate cyclase/PKA and PLC/PKC signaling pathways, consistent with the observation that A2A receptors play a role.
High basal cytokine release in Calu-3 cells
High basal IL-6 and IL-8 release was observed in Calu-3 cells (Fig.  2 and Table I ). High basal release of IL-8 and other chemokines has been seen in human airway epithelial A549 cell lines (54) . The high basal cytokine release is a result of neither basal endogenous adenosine release (Fig. 2B ) nor endotoxin contamination in collected samples or the culture media (see Results and Materials and Methods, respectively). The use of FBS in culture media is believed to stimulate cytokine release, although removing FBS from the culture medium or using serum-free AIM V culture medium (Invitrogen Life Technologies) did not affect the basal cytokine release in our experiments (not shown). The basal ERK phosphorylation in Calu-3 cells, relatively high compared with other cell types (37), seems to contribute to the high basal release because ERK inhibitors attenuated not only basal ERK phosphorylation (Fig. 5B ) but also 30 -50% of basal IL-6 and IL-8 release (not shown). Constitutive ERK activity has been previously observed in many other cell types as well (55) (56) (57) (58) .
Summary
We found that apical adenosine induced robust, apically polarized release of IL-6, along with proinflammatory IL-8, in human airway epithelia. In addition, we showed that adenosine triggered the release of IL-6, together with proinflammatory IL-1␤, in rat BALF. Furthermore, we demonstrated that adenosine mediated LPS-induced IL-6 release in rats. These observations may partly provide a molecular link between adenosine elevation and lung inflammation and fibrosis. We have also explored the signaling mechanisms for adenosine-induced IL-6 release in Calu-3 cells. Further clinical investigation is needed to establish the full physiological implications of these findings.
